. To measure c-fos promoter activity, WEHI7.2 and W.Hb12 cells were transiently transfected with a c-fos promoter-luciferase reporter plasmid. TG induced c-fos promoter activity in WEHI7.2 cells, but not in W.Hb12 cells. In WEHI7.2 cells, the signal for cfos induction by TG was cytosolic Ca 2+ elevation, as the increase in both c-fos mRNA level and promoter activity were prevented by lowering extracellular Ca 2+ concentration, a condition that inhibits cytosolic Ca 2+ elevation by reducing the TG-mobilizable Ca 2+ pool. In summary, the ®ndings indicate that Bcl-2 regulates Ca 2+ signaling.
Introduction
Apoptosis, or programmed cell death, is a systematic, genetically regulated process necessary for homeostasis (Steller, 1995; Thompson, 1995) . Studies in the nematode Caenorhabditis elegans have identi®ed the death eector gene ced-3 and the death inhibitor gene ced-9, both of which are conserved in mammalian cells (Hengartner et al., 1992; Yuan et al., 1993) . The mammalian homologues of ced-3 constitute a family of genes encoding aspartate-speci®c cysteine proteases (i.e., caspases) that form an intracellular protease cascade responsible for cleaving speci®c target proteins, thereby executing the cell death program (Fraser and Evan, 1996) . The mammalian homologues of ced-9 constitute a family of genes encoding proteins that either accelerate or inhibit the cell death program (Reed, 1994; Cory, 1995; Yang and Korsmeyer, 1996) .
Among the members of this family are the apoptosis inhibitory proteins, Bcl-2 and Bcl-X L , which anchor to the mitochondrial membrane, endoplasmic reticulum (ER) membrane and perinuclear membrane (Reed, 1994; Cory, 1995; Yang and Korsmeyer, 1996) . Bcl-2 and Bcl-X L act upstream of the caspase cascade, inhibiting apoptosis in response to a wide variety of death signals (Chinnaiyan et al., 1996) .
The mechanism by which Bcl-2 and Bcl-X L inhibit apoptosis is unknown. Recent structural and functional studies have suggested that Bcl-X L may form an ion channel (Muchmore et al., 1996; Minn et al., 1997) . Although a direct link between this property of Bcl-X L and apoptosis inhibition has not been established, it is intriguing in view of biophysical measurements that suggest an eect of Bcl-2 on intracellular Ca 2+ homeostasis. For example, Bcl-2 prevents Ca 2+ redistribution from the ER to mitochondria following growth factor withdrawal (Bay et al., 1993) and inhibits apoptosis-associated Ca 2+ waves (Magnelli et al., 1994) and nuclear Ca 2+ uptake (Marin et al., 1996) . Also, Bcl-2 potentiates maximal uptake of Ca 2+ by mitochondria (Murphy et al., 1996) and preserves mitochondrial transmembrane potential (Zamzami et al., 1995) .
We have been using thapsigargin (TG), a selective inhibitor of the ER-associated Ca 2+ -ATPase, to investigate the hypothesis that Bcl-2 regulates the movement of Ca 2+ through the ER membrane. The TG-sensitive ER Ca 2+ -ATPase, a member of the SERCA (Sarcoplasmic Endoplasmic Reticulum Calcium ATPase) family of Ca 2+ -ATPases, maintains a high concentration of Ca 2+ in the ER lumen by pumping Ca 2+ into the ER, counterbalancing a leak of Ca 2+ ions through the ER membrane into the cytoplasm (Lytton et al., 1991) . Because the concentration of Ca 2+ in the ER lumen is several orders of magnitude higher than the concentration of Ca 2+ in the cytoplasm, TG-mediated Ca 2+ -ATPase inhibition allows Ca 2+ to¯ow from the ER lumen into the cytoplasm, producing a transient elevation of cytosolic Ca 2+ (Thastrup et al., 1990) . We have found that Bcl-2 overexpression in the WEHI7.2 mouse lymphoma cell line, which lacks endogenous Bcl-2, reduces the transient elevation of cytosolic Ca 2+ induced by TGmediated ER Ca 2+ -ATPase inhibition, suggesting that Bcl-2 inhibits Ca 2+ eux through the ER membrane (Lam et al., 1994) . Ca 2+ is the most common signal transduction element in cells (Clapham, 1995) . Transient elevation of cytosolic Ca 2+ produced by Ca 2+ mobilization from the endoplasmic reticulum (ER) regulates the expression of a variety of genes involved in growth and transformation (Clapham, 1995; Rosen et al., 1995 (Lam et al., 1994; McCormick et al., 1997) . To investigate the eect of Bcl-2 on c-fos induction, cells were incubated with 100 nM TG, a concentration that virtually eliminates Ca 2+ -ATPase activity (Lam et al., 1994) , and the levels of c-fos mRNA at periodic intervals were measured by Northern hybridization ( Figure 1a ). In WEHI7.2 and WEHI7.2-neo cells, TG induced a rapid, transient elevation of c-fos mRNA; whereas in W.Hb12 and W.Hb15 cells, only a slight elevation of c-fos mRNA was detected. In multiple experiments (Figure 1b) , the induction of c-fos in W.Hb12 and W.Hb15 cells was ®vefold less than in WEHI7.2 or WEHI7.2-neo cells. The apparent dierence in fold-induction between WEHI7.2 and WEHI7.2-neo cells was eliminated when data were normalized according to the level of GAPDH. In summary, the ®ndings indicate that Bcl-2 inhibits c-fos induction by TG.
Previous studies have shown that induction of c-fos by TG is inhibited by pretreating cells with the intracellular Ca 2+ chelator BAPTA-AM, indicating that c-fos induction was mediated by cytosolic Ca 2+ elevation (Schonthal et al., 1991b The regulation of c-fos expression by Ca 2+ is complex and occurs at both transcriptional and posttranscriptional levels (Werlen et al., 1993) . Therefore, to determine if Bcl-2 inhibits the induction of cfos promoter activity, the response of a c-fos promoter/ luciferase reporter to TG treatment was assessed in WEHI7.2 and W.Hb12 cells (Figure 3 ). Cells were transiently transfected with a reporter plasmid, 7356wt/fos LUC, in which luciferase transcription is driven by nucleotides 7356 to +109 of the murine cfos promoter (Simonson et al., 1996) . TG treatment induced luciferase activity threefold in WEHI7.2 cells, but luciferase activity was not induced by TG in W.Hb12 cells. Furthermore, preincubating cells in low Ca 2+ medium prevented the induction of luciferase activity by TG, con®rming that cytosolic Ca 2+ elevation signals induction of c-fos promoter activity by TG. As a control, TG did not increase luciferase activity in cells transfected with a luciferase vector (pGL3LUC) that lacks the c-fos promoter sequence, con®rming that the increase in luciferase activity observed in these experiments was not due to activation of spurious regulatory elements in the luciferase vector (data not shown).
Growth factors and TPA induce c-fos transcription through a separate pathway that does not involve Ca 2+ mobilization from intracellular pools (Schonthal et al., 1991a) . TPA induced c-fos mRNA elevation in both WEHI7.2 and W.Hb12 cells (Figure 4) . Thus, Bcl-2 appears to selectively inhibit Ca (Werlen et al., 1993) . A very short (1 min) elevation of cytosolic Ca 2+ promotes full induction of c-fos (Werlen et al., 1993) . Furthermore, the dose response curve for c-fos induction is bell-shaped, with maximal accumulation of c-fos mRNA at a cytosolic Ca 2+ concentration of 300 nM, and lesser accumulation of c-fos mRNA at higher or lower Ca 2+ concentrations (Werlen et al., 1993) . Previously, we found that Bcl-2 overexpression reduces TG-induced cytosolic Ca 2+ elevation (Lam et al., 1994) . The peak elevation of cytosolic Ca 2+ induced by TG was 349+44 nM in WEHI7.2 cells, but only 211+32 nM in W.Hb12 cells induced by adding 100 nM TG (right hand arrow) to Fura-2 AM-loaded WEHI7.2 cells that had been preincubated for 3 h before Fura-2 AM loading in either medium with a physiologic concentration of Ca 2+ (1.3 mM) or medium with a low concentration of Ca 2+ (0.13 mM). Note that EGTA (left hand arrow) was added to cells immediately before adding TG to chelate extracellular Ca 2+ ; hence, the TG-induced elevation of cytosolic Ca 2+ is due to Ca 2+ release from the ER, rather than uptake of extracellular Ca 2+ . (b) Northern hybridization analysis of c-fos mRNA levels at hourly intervals following addition of 100 nM TG to cells preincubated for 3 h in medium with a physiologic concentration of Ca 2+ (1.3 mM) (lane 1) or medium with a low concentration of Ca 2+ (0.13 mM) (lanes 2 ± 7). Duplicate blots were hybridized with a cDNA for GAPDH to control for loading. (c) Relative levels of c-fos mRNA at hourly intervals after adding 100 nM TG. Symbols represent the mean+s.e. of duplicate determinations in two experiments Northern hybridization analysis of c-fos mRNA levels in cells at hourly intervals after adding 50 ng/ml TPA. Duplicate blots were hybridized with a cDNA for GAPDH to control for loading. (b) Relative levels of c-fos mRNA at hourly intervals after adding 50 ng/ml TPA. Symbols represent the mean+s.e. of three determinations (Lam et al., 1994) . Therefore, it is likely that the inhibition of c-fos induction by Bcl-2 described in the current report is due to inhibition of cytosolic Ca 2+ elevation by Bcl-2, although the possibility that Bcl-2 may regulate subsequent steps in the Ca
2+
-dependent signal transduction pathway will be considered in future studies, including the possibility that Bcl-2 regulates the activity of Ca 2+ -dependent kinases. A number of studies have reported an elevation of cfos transcription in association with apoptosis (Buttyan et al., 1988; Colotta et al., 1992; Smeyne et al., 1993) . Furthermore, activation of a c-fos-estrogen receptor chimera has been shown to induce apoptosis in a carcinoma cell line (Preston et al., 1996) . Thus, inhibition of c-fos induction by Bcl-2 may possibly contribute to the antiapoptotic action of Bcl-2. Moreover, multiple hormones, neurotransmitters and immune eectors rapidly raise intracellular Ca 2+ by mobilizing Ca 2+ from the ER, thereby regulating gene expression and cell growth (Berridge, 1993; Rosen et al., 1995) . Also, the activities of numerous proteins are triggered by cytosolic Ca 2+ elevation, including proteases, ion channels, and kinases (Clapham, 1995) . Therefore, it is possible that regulation of Ca 2+ signaling by Bcl-2 may have diverse eects on cell phenotype.
Materials and methods

Materials
TG was purchased from LC Laboratories and serum from Hyclone. L-glutamine, antibiotics and non-essential amino acids were from Gibco BRL. 12-O-tetradecanoylphorbol 13-acetate (TPA) and other chemicals were obtained from Sigma. [a- 32 P]dCTP was from Dupont/New England Nuclear.
Cell culture and treatment conditions W.Hb12 and W.Hb15 cell lines were derived from the WEHI7.2 line by stable transfection with a c-DNA encoding Bcl-2 (Lam et al., 1994) . WEHI7.2-neo cells were derived by stable transfection with pSFFV-neo vector. Cell lines were routinely cultured in Dulbecco's Modi®ed Eagle's Medium (DMEM) supplemented with 2 mM glutamine, 50 units/ml penicillin, 50 mg/ml streptomycin, 0.4 mM non-essential amino acids and 10% (v/v) heat inactivated horse serum at 378C in a 7% CO 2 atmosphere. In certain experiments, cells were pelleted and resuspended in calcium-free DMEM supplemented with 10% horse serum. A 1 mg/ml stock of TG was made in DMSO and stored in aliquots at 7208C. A working stock was prepared by diluting TG in fresh culture medium to a ®nal concentration of 1 mM. A 1 mg/ml stock solution of TPA was made in DMSO and stored in aliquots at 7208C. A working stock was prepared by diluting TPA in fresh culture medium to a ®nal concentration of 5 mg/ml.
Northern blotting
Total cellular RNA was prepared using TRIZOL Reagent (GIBCO BRL) at hourly intervals after adding 100 nM TG to cells. Thirty mg RNA per sample was separated by electrophoresis in a 1.2% agarose gel and blotted onto a nitrocellulose membrane. The blot was prehybridized at 658C for 15 ± 30 min and hybridized with a a-32 P-dCTPlabeled (Stratagene Prime-It II Kit) 2.1 kb EcoRI fragment corresponding to the rat c-fos cDNA (Curran et al., 1987) at 658C for 20 h.
Cell transfection and reporter assays
Plasmids were described previously (Simonson et al., 1996) . Transient transfection of WEHI7.2 and W.Hb12 cells was carried out using a modi®ed version of the electroporation method described previously (Flomerfelt and Miesfeld, 1994) . Five million cells were washed twice in phosphate buered saline, pH 7.5, and resuspended in 1 ml HEPES Buered Saline (21 mM HEPES, 137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , 6 mM glucose, pH 7.5). Cells were placed in an electroporation chamber and transfected with 10 mg p-356wt/fosLUC or pGL3LUC, 2 mg pRSVbGal internal control plasmid (2 mg) and pUC19 carrier DNA (28 mg). Chambers were placed in an ice bath and electroporated at 275 V and 800 mF. Chambers were immediately removed from the ice bath and cells were allowed to recover at room temperature for 10 min. Cells were pooled and redistributed into¯asks containing complete media supplemented with 20% horse serum and placed at 378C in a 7% CO 2 atmosphere overnight.
Transfected cells were treated with 100 nM TG at various intervals beginning approximately 18 h after transfection. Cells were washed once in phosphate buered saline, pH 7.5, and lysed using Reporter Lysis 16Buer (Promega). Luciferase activity was measured by adding 200 ml of cell extract to 100 ml of Luciferase Assay Reagent (Promega). Relative light units were measured in a Berthold Lumat Luminometer (Wallac, Gaithersburg, MD) for 10 s intervals. Transfection eciency was determined using a pRSVbGal construct. Beta galactosidase activity was measured using the Galacto-Light protocol as described by the manufacturer (Tropix, Bedford, MA).
Intracellular Ca 2+ measurements
Fluorometric measurements of intracellular Ca 2+ were according to published methods (Lam et al., 1994) . Twenty million cells were pelleted by centrifugation at 150 g for 10 min and resuspended in 10 ml basal salt solution, CaBSS (130 mM NaCl, 5 mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 25 mM HEPES (pH 7.5), 5 mM glucose and 1 mg/ml BSA). In certain experiments, CaCl 2 was deleted, yielding a buer referred to as BSS. Free Ca 2+ concentration of buers and tissue culture medium was measured with a Ca 2+ electrode. Cell suspensions were incubated for 45 min at 258C with 1 mM Fura-2 AM from a 1 mM stock solution dissolved in DMSO. Cells were then pelleted and resuspended in 10 ml fresh CaBSS or BSS and maintained at 258C for up to 60 min prior to¯uorometry. For each measurement, a 1.5 ml aliquot of Fura-2-loaded cells was equilibrated to 378C in a stirred quartz cuvette. Fura-2-uorescence was continuously monitored at 339 nm excitation and 500 nm emission. Ca 2+ -dependent Fura-2 uorescence was calibrated after lysis of cells with 20 mg/ml digitonin and cytosolic free Ca 2+ concentration was calculated, assuming a Fura-2 K D of 220 nM.
Abbreviations
The abbreviations are: TG, thapsigargin; TPA, 12-O-tetradecanoylphorbol 13-acetate; ER, endoplasmic reticulum.
